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ABSTRACT 
The s o l a r  t r a c k i n g  u n i t  was d e v e l o p e d  
SOLAR TRACKING UNIT D 1 
1 
fi B. Miller 
t o  s u p p o r t  t h e  L a s e r  H e t e r o d y n e  2 
Spectrometer (LHS) a i r b o r n e  ins t rument ,  bu t  h a s  a p p l i c a t i o n  t o  a g e n e r a l  c lass 
o f  a i r b o r n e  s o l a r  o c c u l t a t i o n  resea rch  instruments.  The u n i t  c o n s i s t s  o f  a 
m i r r o r  mounted on two gimbals,  one o f  which is  hollow. The mi r ro r  r e f l e c t s  a 
7.6 cm (3.0 i n )  d i a m e t e r  beam o f  s u n l i g h t  t h r o u g h  t h e  h o l l o w  g i m b a l  i n t o  t h e  
r e s e a r c h  i n s t r u m e n t  o p t i c a l  a x i s .  A p o r t i o n  o f  t h e  r e f l e c t e d  s u n l i g h t  i s  
d i r e c t e d  i n t o  a t r a c k i n g  t e l e s c o p e  which uses  a four-quadrant s i l i c o n  d e t e c t o r  
t o  p r o d u c e  t h e  s e r v o  e r r o r  s i g n a l s .  The c o l i n e a r i t y  o f  t h e  t r a c k e r  o u t p u t  
beam and t h e  resea rch  ins t rument  o p t i c a l  a x i s  is maintained t o  b e t t e r  than 21 
arc -minu te .  The u n i t  is  mic rocompute r  c o n t r o l l e d  a n d  i s  c a p a b l e  o f  s t a n d  
a l o n e  opera t ion ,  i n c l u d i n g  automat ic  Sun a c q u i s i t l o n  o r  a p e r a t i o n  under t h e  
c o n t r o l  o f  t h e  resea rch  instrument.  
INTRODUCTION 
Tbe s o l a r  t r a c k i n g  u n i t  was d e v e l o p e d  t o  s u p p o r t  t h e  L a s e r  H e t e r o d y n e  
Spectrometer (LHS) instrument. This ins t rument  is intended t o  f l y  or. the NASA 
CV-990 a i r c r a f t  t o  g a t h e r  atmospheric spect roscopy d a t a  dur ing  a s u n r i s e  o r  a 
sunset .  The ins t rument  is shock mounted t o  t h e  a i r c r a f t  f l o o r  and must t r a c k  
t h e  Sun t h r o u g h  a w i ~ d o w  i n  t h e  s i d e  o f  t h e  a i r c r a f t .  The a l i g n m e n t  o f  t h e  
LHS i n s t r u m e n t  o p t i c a l  a x i s  and  t h e  o u t p u t  beam from t h e  t r a c k i n g  s y s t e m  i s  
c r i t i c a l  and r e q u i r e s  t h e  t r a c k e r  t o  be mounted on t h e  instrument.  The s o l a r  
tracker u n i t  p r o v i d e s  a s t a b l e  7.6 cm (3.0 i n )  d i a m e t e r  beam o f  s u n l i g h t  t o  
t h e  ins t rument ,  compen8atit:g f o r  b o t h  a i r c r a f t  and  i n s t r u m e n t  mot ion.  The 
u n i t  is mic rocompute r  c o n t r ~ l  l ,?d .  and  i s  c a p a b l e  o f  s t a n d  a l o n c  o p e r a t i o n ,  
i n c l l l d i n g  a u t o m a t i c  Sun a c q u i s i t i o n  o r  o p e r a t i o n  u n d e r  t h e  c o n t r o l  o f  t h e  
r e s e a r c h  instrument,  
SPECIFICATION REQUIREMENTS 
The f o l l o w i n g  b a s i c  r e q u i r e m e n t s  are de t ined  by t h e  ins t rument  sc ience  
requirements o r  as a r e s u l t  of t h e  o v e r a l l  ins t rument  and a i r c r a f t  i n t e r f a c e  
des ign evo lu t ion .  
The u n i t  must be mounted d i r e c t l y  t o  t h e  ins t rument  o p t i c a l  t a b l e  t o  
e l i m i n a t e  r e l a L i v e  motion between t h e  t r a c k e r  and t h e  instrument.  
Weight must n o t  exceed 18.1 kg (40 lbs ) .  
* Mirror  he igh t  above mounting s u r f a c e  must be 38.1 2 . 5 4  cm 
(15.0 - +1.0 i n ) .  
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A 7.62 cm (3.0 i n )  d iameter  sunbeam should be delivered t o  the instrument. 
T r a c k i . ~  s t a b i l i t y  and r e p e a t a b i l i t y  for each axis must be 24 arc- 
minutes, wi th  a goal o f  21 arc-minute. 
The t r a c k i n g  mirror reflecting s u r f a c e  must be o p t i c a l l y  f l a t  t o  one- 
f i f t h  wavelengtn  a t  0.63 microns. 
The o p t i c a l  l i n e  o f  s i g h t  (LOS) o f  t h e  u n i t  s h o u l d  be c a p a b l e  of 
being pos i t ioned  t o  a l o c a l  c o o r d i n a t e  s y s t e m  w i t h  a n  a c c u r a c y -  a n d  
r e p e a t a b i l i t y  o f  +I .0 a r c - m i n u t e .  P o s i t i o n  c o n t r o l  range -should he 
+15O t o  -90' i n  e l e v a t i o n  and - +180° i n  ezimuth. 
The u n i t  must be c a p a b l e  of t r a c k i n g  t h e  Sun over a n  e l e v a t i o n  range 
of +30° t o  -15" wi th  no o b s c u r a t i o n  i n  t h e  output  beam. 
Frequency response  must accommodate t h e  expected range of aircraft 
dis turbance.  Frequency response  g o a l  foi- e l e v a t i o n  axis is 100 Hz, 
and f o r  azimuth axis is  25 Hz. 
A l o c k a b l e  stow p o s i t i o n  must be provided t o  p r o t e c t  t h e  mirror 
o p t i c a l  s u r f a c e  and p r e v e n t  motion i n  e i t h e r  axis. 
The system design shou ld  be as modular as p o s s i b l e  t o  simp1 i f y  t e s t i n g  
and r e p a i r  o f  t h e  ins t rument  i n  t h e  f i e l d .  
The system must be s i m p l e  t o  opera te ,  test ,  and t roub leshoo t .  It 
should  be c a p a b l e  o f  moni ter ing its own opera t ion ,  d iagnosing system 
f a u l t s ,  ~ ? o r r e c t i n g  t h e  f a u l t s  i f  p o s s i b l e ,  and n o t i f y i n g  t h e  
system/operator i n  t h e  e v e n t  o f  a f a i l u r e .  
MECHANICAL DESIGN 
The t r a c k i n g  u n i t  d e s i g n ,  which s a t i s f i e s  t h e  r e q u i r e m e n t s  o u t l i n e d  
above, is shovn i n  Figure  1. A photograph of t h e  completed u n i t  a n d ' t h e  c o n t r o l  
e l e c t r o n i c s  is shown i n  Figure  2. The u n i t  uses  a mi r ro r  mounted on a horizontal 
e l e v a t i o n  gimbal t o  r e f l e c t  a sunbeam down through a hollow, v e r t i c a l  a s i m u t h  
g i m b a l  t o  a t u r n i n g  mi r ro r ,  and on to  t h e  r e s e a r c h  ins t rument  o p t i c a l  ax i s .  A 
por t ion  of t h e  sunbeam is a l s o  r e f l e c t e d  t o  a t e l e s c o p e  which  fo rms  a n  image 
o f  t h e  Sun on a p h o t o d i o d e  d e t e c t o r .  The d e t e c t o r  p r o d u c e s  e r r o r  s i g n a l s  
t h a t  cause  t h e  e l e v a t i o n  and azimuth gimbals t o  move i n  a manner t h a t  k e e p s  
t h e  Sun image on t h e  d e t e c t o r .  
The u n i t  was b u i l t ,  a s s e m b l e d ,  a n d  t e s t e d  as t h r e e  i n d e p e n d e n t  s u b -  
systems: a n  o l e v a t i o n  g imbs l ,  a n  azimuth gimbal ,  and a t r a c k i n g  sensor  te le-  
scope. After  subsystem t e s t i n g ,  t h e  t h r e e  subsystems were i n t e g r a t e d  t o  form 
t h e  complete solar t r a c k i n g  u n i t  and system tests were performed. Figure  3(a) 
is a f r o n t  view o f  t h e  uni t .  F igure  3(b) shows t h e  same view o f  t h e  u n i t  wi th  
t h e  azimuth gimbal r o t a t e d  approximately l8O0. 
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Figure 1 .  Solar Trackin8 Unit Aasembly 


The e l e v a t i o n  housing s u p p o r t s  and p r o t e c t s  t h e  r o t a t i n g  m i r r o r  assembly 
and s e r v e s  as a mount f o r  t h e  o t h e r  e l e v a t i o n  gimbal components. The housing 
i t s e l f  is a t t ached  t o  t h e  top  o f  t h e  r o t a t i n g  azimuth gimbal. 
A s a d d l e  a s s e m b l y ,  wi th  removable s h a f t s  on each s i d e ,  suppor t s  the  Sun 
t r a c k i n g  mirror. The mi r ro r  c o n s i s t s  of a n ickel -pla ted  aluminum body,  c o a t e d  
on t h e  f r o n t  s u r f a c e  w i t h  enhanced  aluminum f o r  h igh  r e f l e c t i v i t y  i n t o  t h e  
near- infrared spectrum. The e l l i p t i c a l l y  shaped mi r ro r  i s  t h i c k  enough t o  be  
b e  s e l f  s u p p o r t i n g  and mounts t o  t h e  sadd le  w i t h  t h r e e  t h i n  l e g s  t o  minimize 
mi r ro r  d i s t o r t i o n  induced by t h e  saddle .  The s h a f t s  a r e  s u p p o r t e d  by a p a i r  
of preloaded bear ings  mounted t o  t h e  e l e v a t i o n  housing. 
The s a d d l e  and mi r ro r  a r e  d r i v e n  d i r e c t l y  by a b r u s h l e s s  dc  torque motor. 
The s t a t o r  o f  t h e  component motor is mounted t o  t h e  e l e v a t i o n  housing and t h e  
r o t o r  is mounted on one s a d d l e  shaf t .  A d i r e c t  d r i v e  approach was chosen f o r  
its advantages  o v e r  t h e  use o f  gears .  Di rec t  d r i v e  g i v e s  a g r e a t e r  to rque  t o  
i n e r t i a  r a t i o ,  :hus a h igher  a c c e l e r a t i o n  c a p a b i l i t y .  The l a c k  o f  g e a r  back- 
lash g i v e s  maximum s t i f f n e s s  f o r  a high-resonant frequency,  and f o r  h igh 
accuracy and r e s o l u t i o n .  An a b s c i u t e  a n g u l a r  encoder is a t t a c h e d  t o  t h e  o t h e r  
s a d d l e  s h a f t  by a f l e x i b l e  b e l l o w s  coupling.  The encoder has  a r e s o l u t i o n  o f  
0.33 arc-min, and is  used a s  t h e  p o s i t i o n  feedback f o r  t h e  c o n t r o l  system. 
The r o t a t i n g  components a r e  halanced t o  b e t t e r  than  t h e  b e a r i n g  f r i c t i o n  
t o r q u e :  0.00565 Nm (0.8 oz - in ) .  The g i m b a l  h a s  a n  o p e r a t i n g  r a n g e  o f  +25 
degrees  t o  -90 degrees  with a manual ly  l o c k a b l e  stow p o s i t i o n  a t  -90 degrees. 
Azimuth Gimba 1 
The azimuth gimbal suppor t s  and r o t a t e s  t h e  e l e v a t i o n  gimbal assembly and 
is mounted t o  t h e  LES ins t rument  by a  support  stand. The h o l l o w  r o t a t i n g  p a r t  
of t h e  gimbal is supported by a p a i r  o f  ~ r e l o a d e d ,  l a r g e  bore  a n g u l a r  c o n t a c t  
bearings. The th in -sec t ion ,  class 7 bear ings  have t e f l o n  s e p a r a t o r s  f o r  a low 
r a t i o  of ~ t a r t i n g  to running torque. The bear ings  are f a c t o r y  duplexed back- 
to-back f o r  maximum s t r u c t u r a l  s t i f f n e s s ,  and a r e  separa ted  by a p a i r  o f  e q u a l  
l e n g t h  spacers.  
The a z i m u t h  g i m b a l  i s  d r i v e n  d i r e c t l y  by a commutated h o l i o w  b o r e  d c  
torque motor. The armature o f  thG component motor is mounted t o  t h e  r o t a t i n g ,  
i n n e r  p a r t  o f  t h e  g i m b a l  a n d  t h e  f i e l d  a n d b r u s h  a s s e m b l y  is mounted t o  t h e  
s t a t i o n a r y  p a r t  of t h e  gimbal. The d i r e c t  d r i v e  technique has  t h e  same advan- 
t a g e s  descr ibed f o r  t h e  e l e v a t i o n  gimbal. A hol low bore  inc rementa l  a n g u l a r  
encoder with a  resoll.  ,on o f  3.6 arc-seconds is used f o r  p o s i t i o n  feedback t o  
t h e  c o n t r o l  system. The r o t a t i n g  and s t a t i o n a r y  p a r t s  o f  t h e  component en- 
c o d e r  a r e  c a r r i e d  by t h e  a z i m u t h  g i m b a l  i n  a manner similar t o  t h e  t o r q u e  
motor. 
The r o t a t i n g  components a r e  balanced t o  b e t t e r  than t h e  bear ing f r i c t i o n  
torque: 0.0318 Nm (4.5 oz-in). The g i m b a l  h a s  a n  o p e r a t i n g  r a n g e  o f  +182O, 
wi th  s t o p s  a t  each extreme and a  manually lockable  stow p o s i t i o n  a t  the  Komi.nal 
z e r o  pos i t ion .  
E l e c t r i c a l  power and s i g n a l s  a r e  t r a n s f e r r e d  through t h e  azimuth gimbal 
t o  t h e  e l e v a t i o n  assembly by a  f lex-cable  assembly .  The f  l e x - c a b l e  a s s e m b l y  
c o n s i s t s  of a  l o o p  of l a m i n a t e d  f l a t  conduc tor  cab le  wi th  one end a t t a c h e d  
t o  t h e  i n n e r  housing and t h e  o t h e r  end a t t a c h e d  t o  t h e  o u t e r  h o u s i n g  ( F i g u r e  
I ) .  The o u t e r  c a b l e  housing is a t t a c h e d  t o  t h e  s t a t i o n a r y  p a r t  of t h e  azimuth 
gimbal, and t h e  i n n e r  c a b l e  housing i s  a t t a c h e d  t o  t h e  b a s e  o f  t h e  e l e v a t i o n  
h o s s i n g  and  r o t a t e s  w i t h  t h e  a z i m u t h  g i m b a l .  The f l a t  c a b l e  loop "walks" 
a long  t h e  w a l l s  of t h e  i n n e r  and o u t e r  housings a s  t h e  azi rmth gimbal r o t a t e s .  
Track- Sensor Telescope 
The t r a c k i n g  sensor  t e lescope ,  which is  mounted i n  t h e  e l e v a t i o n  housing, 
c o n t a i n s  t h e  o p t i c s  t h a t  form t h e  Sun image on t h e  t r a c k i n g  d e t e c t o r  a n d  a n  
a d j u s t a b l e  mount ing system f o r  t h e  d e t e c t o r  and preamp e l e c t r o n i c s .  F igure  4 
shows t h e  t e lescope  d e s i g n .  A d i a g o n a l  m i r r o r  i n t e r c e p t s  a  p o r t i o n  o f  t h e  
sunbeam r e f l e c t e d  down by t h e  t r a c k i n g  mi r ro r  and d i r e c t s  i t  along the telescope 
a x i s .  The beam energy is a t t e n u a t e d  by a bandpass f i l t e r  and  n e u t r a l  d e n s i t y  
f i l t e r s  t o  p roduce  t h e  d e s i r e d  l e v e l  of energy on t h e  d e t e c t o r .  The f i l t e r s  
are mounted i n  a removable h o l d e r  which  a l l o w s  them t o  h e  changed  w i t h o u t  
removing t h e  t e l e s c o p e  assembly  f rom t h e  e l e v a t i o n  housing. An 80 am (3.15 
i n )  f o c a l  l e n g t h  l e n s  forms an image o f  t h e  Sun on t h e  d e t e c t o r .  The image 
s i z e  t h a t  is chosen provides a  2.0' t e l escope  f i e l d  of view. 
When t h e  t e lescope  l i n e  of s i g h t  (LOS) i s  p o i n t e d  d i r e c t l y  a t  t h e  Sun 
t h e  image i s  c e n t e r e d  on t h e  f o u r  q u a d r a n t s  ( a c t i v e  a r e a s )  of t h e  d e t e c t o r  
as shown i n  Figure  5. I f  t h e  image i s  n o t  c e n t e r e d ,  t h e r e  a r e  d i f f e r e n c e s  
between t h e  d e t e c t o r  q u a n d r a n t  o u t p u t s .  These  d i f f e r e n c e s  a r e  combined t o  
produce t h e  e r r o r  s i g n a l s  (Figure 6 )  t h a t  c a u s e  t h e  t r a c k i n g  m i r r o r  g i m b a l s  
t o  move and r e c e n t e r  t h e  image on t h e  d e t e c t o r .  
The a l i g n m e n t  of  t h e  t r a c k i n g  u n i t  o u t p u t  beam t o  t h e  LHS i n s t r r l m e n t  
o p t i c a l  a x i s  d e p e n d s  upon t h e  a l i g n m e n t  o f  t h e  t e l e s c o p e  LOS t o  t h e  t r u e  
azimuth gimbal r o t a t i o n  axis .  Any e r r o r  i n  t h e  p a r a l l e l i s m  o f  t h e  t e l e s c o p e  
LOS with t h e  azimuth gimbal a x i s  r e s u l t s  i n  a  corresponding sys temat ic  t r a c k -  
i n g  e r r o r  as t h e  a z i m u t h  g i m b a l  r o t a t e s  t o  f o l l o w  t h e  Sun. To accommodate 
manufacturing t o l e r a n c e s  i n  t h e  u n i t ,  a n  adjus tment  is provided t o  move t h e  
t e l e s c o p e  LOS. The t e l e s c o p e  is f i x e d  t o  t h e  e l e v a t i o n  housing and t h e  LOS is 
moved by t r a n s l a t i n g  t h e  d e t e c t o r  assembly i n  t h e  f o c a l  p l a n e  o f  t h e  l e n s .  A 
compact mechanism i n  t h e  t e l e s c o p e  end produces a  5 . 8 '  movement i n  LOS by 
t r a n s l a t i n g  t h e  d e t e c t o r / p r e a m p  a s s e m b l y  i n  t h e  t k o  o r t h o g o n a l  d i r e c t i o n s  
c o r r e s p o n d i n g  t o  t h e  d i r e c t i o n s  t h e  Sun image moves when t h e  e l e v a t i o n  and 
a z i m t h  gimbals  a r e  r o t a t e d .  I n  a d d i t i o n  t o  t h e  t r a n s l a t i o n  a d j u s t m e n t s ,  
a r o t a t i o n  a d j u s t m e n t  f o r  t h e  detcctor lpreamp assembly of +i .jO is  included 
t o  n u l l  t h e  i n t e r a c t i o n  between e l e v a t i o n  and azimuth e r r o r  s i g n a l s .  
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CONTROL SYSTEM DESIGN 
C o n t r o l  o f  Sun t r a c k e r  g i m b a l  m o t i o n s  is a c h i e v e d  by t h e  a z i m u t h  a n d  
e l e v a t i o n  s e r v o s  ( p e r a t i n g  under t h e  c o n t r o l  o f  t h e  system microcomputer. The 
azimuth and e l e v a t i o n  d r i v e  mechanisms a r e  similar c losed  loop se rvos  c o n s i s t -  
ing of the gimbals, n ,o torr ,  encoders ,  t r a c k i n g  s e n s o r ,  and t h e  c o n t r o l  u n i t .  The 
c o n t r o l  s y s t e m  e l e c t r o n i c s  a r  composed of modular subassembl ies  which can 
be replaced wi th  minimum impact on t h e  s y s t e m  ( F i g u r e  7 ) .  The c o n t r o l  u n i t  
m t a i n s  t h e  microcom~~rt ,er ,  s e r v o  e l e c t r o n i c s  , i n t e r f  aces ,  cont  r o b ,  indicators 
, .d p e r  supplies required fo r  system operat ion.  The remaining modular e l e c t r o n i c  
assembl ies  a r e  mounted on t h e  gimbal assembly. 
The s e r v o s  o p e r a t e  i n  two b a s i c  modes: p o s i t i o n  and t rack.  I n  P o s i t i o n  
Mode t h e  g imba l s  are conLro l l ed  r e l a ~ i v e  t o  t h e  i n t e r n a l  coord ina te  axes  o f  
t h e  u n i t  by error s i g n a l s  genera  el from encoder outputs.  I n  Track Mode t h e  
servos r e s p o n d  t o  e r r o r  s i g n a l s  f'rom t h e  Sun s e n s o r .  Mode s e l e c t i o n  i s  
a c h i e v e d  by a n a l o g  s w i t c h  c l L  , u r e s  u n d e r  t h e  c o n t r o l  o f  t h e  microcomputer .  
A l l  o p e r a t i o n s  of t.hr3 Sun t,.',cker c o n s i s t  of  a sequence o f  t h e s e  modes, com- 
manded by t h e  microcompu~-, r.
The design of the .,ntrol e l e c t r o n i c s  and microprocessor so f tware  s i m p l i f i e s  
normal  o p e r a t i o n  F - prc~v?.ding preprogrammed, complex o p e r a t i o n a l  and s e l f  
t e s t  f e a t u r e s  whir. .. can be a ~ t i v a t e d  by s imple  commands o r  swi tch  c l o s u r e s .  An 
e x t e n d e d  commar.d s e t  p r , ~ v i d e s  a c c e s s  t o  l o w e r  l e v e l s  o f  s y s t e m  o p e r a t i o n  
t o  permit  t e s t i n g ,  f a u l t  i s o l a t i o n ,  normal  o p e r a t i n g  mode m o d i f i c a t i o n ,  o r  
a l t e r n a t e  o p e r a t i n g  modes. 
ORlGiNAL PAGE 18 
OF POOR Q U A L T  
+ - 
' I/o SENSOR SENSOR 
INTERFACE INTERFACE 
- -+I s 
= i..-.. 
>* T AZIMUTH + 
1 
0 CPU H HANALOC . 
ELEVATION * 
M ANALOG RN. - 
CONTROL MOTOR 
S - 
. . . a -  
1 DATA & 
DISPLAY 
L L l  
ENCODER i 
CONTROL - iNTERfACE INTERFACE 
& - -  - 
Figure  7. Control  System E l e c t r o n i c s  Modular I n t e r f a c e  Design 
S e r v o  Design 
The e l e v a t i o n  and a z i m u t h  s e r v o s  ( F i g u r e  8) a r e  similar i n  des ign  and 
f u n c t i o n  s o  on ly  t h e  az imuth  l o o p  w i l l  be d i s c u s s e d ;  however ,  t h e  d i f f e r -  
ences  between t h e  se rvos  w i l l  be noted. 
Because t h e  azimuth encoder is an incrementa l  type,  i t  requires i n i t i a l i z a -  
t i o n  and a coun te r  t o  accumulate t h e  angu la r  p o s i t i o n  i n f o r m a t i o n .  I n i t i a l -  
i z a t  i o n  of  t h e  a z i m u t h  e n c o d e r l c o u n t e r  occurs  dur ing  system i n i t i a l i z a t i o n  
and i s  updated ( i f  necessary)  every  t ime t h e  gimbal passes  through t h e  " z e r o "  
d e g r e e  p o s i t i o n .  The angu la r  p o s i t i o n  of  t h e  gimbal i s  provided t o  t h e  micro- 
computer a t  a 1.5-kHz r a t e  by the  encoder i n t e r f a c e  module. I n  P o s i t i o n  Mode 
t h e  mic rocompute r  u s e s  t h e  accumulated angu la r  p o s i t i o n  i n  con junc t ion  w i t h  
a s t o r e d  value ,  r e p r e s e n t i n g  t h e  d e s i r e d  p o s i t i o n ,  t o  c r e a t e  p o s i t i o n  e r r o r .  
P o s i t i o n  e r r o r  i s  summed w i t h  v e l o c i t y  feedback der ived by c a l c u l a t i n g  t h e  
angu la r  change o c c u r r i n g  between t h e  r e g u l a r l y  sampled g i m b a l  p o s i t i o n s .  The 
r e s u l t i n g  e r r o r  v a l u e  is converted t o  a n  analog vo l t age  by t h e  D/A c o n v e r t e r  
on t h e  analog c o n t r o l  module, ampl i f i ed ,  and fed  through t h e  c l o s e d  p o s i t i o n  
mode switch.  The ampl i f ied  p o s i t i o n  e r r o r  vo l t age  is fed t o  t h e  analog lead-lag 
compensation/switched i n t e g r a t o r  n e t w o r k  which was d e s i g n e d  t o  p r o v i d e  t h e  
d e s i r e d  c l o s e d  l o o p  r e s p o n s e  of  t h e  g i m b a l .  The compensated error vo l t age  
is conver ted  t o  a p ropor t iona l  motor c u r r e n t  i n  t h e  c u r r e n t  d r i v e r  module. The 
motor d r i v e s  t h e  gimbal t o  t h e  d e s i r e d  p o s i t i o n .  

Because t h e  e l e v a t i o n  gimbal has  a n  a b s o l u t e  encoder,  t h e  angular  position 
is a v a i l a b l e  from t h e  t i m e  power i s  a p p l i e d ;  no  c o u n t e r  o r  i n i t i a l i z a t i o n  
is required.  The compensation and c u r r e n t  d r i v e r s  have the same fcrm i n  elevation 
and azirmth, except  f o r  t h e  s e l e c t i o n  of  components and jumpers. The e l e v a t i o n  
motor is a  wide ang le  b rush less  dc torquer .  This  dev ice  has  a very f l a t  to rque  
response over an angle of approximately 60°,  however, i ts o p e r a t i o n  is r e s t r i c t e d  
t o  120'. T h i s  motor  is i d e a l  f o r  t h e  e l e v a t i o n  gimbal as t h e  ang le  doubl ing 
e f f e c t  of t h e  e l e v a t i o n  m i r r o r  makes smooth,  r i p p l e  f r e e  motor  o p e r a t i o n  
e s s e n t i a l ,  and on ly  l i m i t e d  angu la r  motion is required.  
Although p o s i t i o n  informat ion is  a v a i l a b l e  t o  t h e  microcomputer i n  T r a c k  
Mode, i t  is  n o t  p rocessed  t o  produce e r r o r  s i g n a l s ,  but  is used i n  t h e  f a u l t  
mode d e t e c t i o n  l o g i c .  The t r a c k  e r r o r  s i g n a l s  a r e  p r o d u c e d  i n  t h e  s e n s o r  
e l e c t r o n i c s  by combin ing  t h e  p r e a m p l i f i e d  f o u r  quadrant  o u t p u t s  of t h e  Sun 
sensor .  The e l e v a t i o n  and azimuth t r a c k  e r r o r  s i g n a l s  a r e  t h e n  f e d  t h r o u g h  
t h e  c l o s e d  t r a c k  mode swi tch  on t h e  a p p r o p r i a t e  analog c o n t r o l  module. These 
e r r o r  signals a r e  processed t h e  same a s  i n  P o s i t i o n  Mode by t h e  ana log  compensa- 
t i o n ,  c u r r e n t  d r i v e r ,  and motor except  t h a t  they d r i v e  t h e  gimbal t o  mainta in  
t h e  Sun image a t  t h e  c e n t e r  of t h e  four-quadrant d e t e c t o r .  
Sensor S igna l  Process ing 
T h r e e  s i g n a l s  a r e  p roduced  by t h e  sensor  e l e c t r o n i c s  module: e l e v a t i o n  
e r r o r ,  azimuth e r r o r ,  a n d  s e n s o r  t o t a l  ( F i g u r e  6 ) .  These  s i g n a l s  a r e  f e d  
t o  t h e  s e n s o r  i n t e r f a c e  module i n  t h e  c o n t r o l  u n i t  where they  a r e  ampl i f i ed  
by t h r e e  ganged p-ogrammable  g a i n  a m p l i f i e r s .  The s e n s o r  t o t a l  s i g n a l  i s  
c o n v e r t e d  t o  a d i g i t a l  v a l u e  by t h e  A I D  c o n v e r t e r  on t h e  sensor  i n t e r f a c e  
module by command of t h e  nicrocomputer. The system has  two uses  f o r  t h e  v a l u e  
of t h e  s e n s o r  t o t a l  s i g n a l .  Dur ing  Sun a c q u i s i t i o n ,  t h e  programmable g a i n  
a m p l i f i e r s  a r e  set t o  a  f i x e d  g a i n  and t h e  s e n s o r  t o t a l  v a l u e  i s  compared 
w i t h  a  nomina l  one-ha l f  Sun v a l u e  t o  determine i f  t h e  Sun is loca ted  w i t h i n  
t h e  s e n s o r  f i e l d  of view. The a n g u l a r  r e s p o n s e  o f  t h e  f o u r - q u a d r a n t  s e n s o r  
is  d e p e n d e n t  upon t h e  i n t e n s i t y  of  i n c i d e n t  energy. During t r a c k ,  when t h e  
automat ic  ga in  c o n t r o l  (AGC) is enabled,  t h e  s e n s o r  t o t a l  v a l u e  i s  compared 
t o  a  d e s i g n  v a l u e  ( r e p r e s e n t i n g  a nomina l  one Sun i n t e n s i t y )  and t h e  g a i n  
of t h e  programmable ga in  a m p l i f i e r s  i s  a d j u s t e d  t o  m a i n t a i n  t h e  s e n s o r  t o t a l  
a t  the d e s i g n  v a l u e .  T h i s  i s  r e q u i r e d  t o  m a i n t a i n  nomina l  performance of 
t h e  < 2 r v o s  a s  t h e  s o l a r  e n e r g y  p a s s e s  t h r o u g h  g r e a t e r  o r  l e s s e r  d e p t h  o f  
a t1  ~ s p h t  .e and f o r  g round  o p e r a t i o n  where  s i g n i f i c a n t  v a r i a t i o n s  of s o l a r  
energy o c ~ . r r  w i t h  season,  weather,  and t ime of day. 
DEVELOPMENT PROBLEMS 
Tracking mi r ro r  balance  
The l o c a t i o n  of  t h e  t r a c k i n g  m i r r o r  r e f l e c t i n g  s u r f a c e  r e l a t i v e  t o  t h e  
e l e v a t i o n  gimbal a x h  had t o  be changed f r o m  t h e  o r i g i n a l  d e s i g n  t o  b r i n g  
t h e  r o t a t i n g  m i r r o r  assembly i n t o  s t a t i c  balance.  The o r i g i n a l  des ign ,  which 
placed t h e  r e f l e c t i n g  s u r f a c e  a t  t h e  i n t e r s e c t i o n  of t h e  e l e v a t i o n  g i m b a l  
a x i s  and t h e  azimuth gimbal a x i s ,  wi th  t h e  mi r ro r  body and s a d d l e  
l o c a t e d  on one s i d e  of t h e  a x i s ,  r e q u i r e d  a coun te rwe igh t  t o  balance t he  
assembly. When t h e  mirror design was completed,  t h e  r o t a r y  i n e r t i a  of t h e  
m i r r o r / c o u n t e r w e i g h t  combination was unacceptably large.  The mirror  pos i t i on  
relat ive t o  the elevation gimbal a x i s  was s h i f t e d  forward t o  produce a balanced, 
~ t n i m u m  i n e r t i a ,  r o t a t i n g  assembly which r e q u f r e d  no counterweight.  The 
fi .7al mirror pos i t i on  r e s u l t s  i n  a l o s s  o f  17 '  i n  e l e v a t i o n  LOS c a p a b i l i t y  
i r ?  t h e  t r a c k i n g  u n i t ,  but  t h e  remain ing  range  of + 1 3 O  t o  -15' i s  adequate 
f o r  t he  LHS instrument. 
Azimuth bearing ~ r e l o a d  
The minimum d e s i g n  v a l u e  o f  az imuth  b e a r i n g  p r e l o a d  was o n e - t h i r d  t h e  
load supported by the  bearings: 31 N (7 lb). The i n s t a l l e d  preload was t o  be 
set as c l o s e l y  a s  pos s ib l e  t o  t h i s  v a i u e  t o  minimize s t a r t i n g  f r i c t i o n  torque. 
The bearings have a nominal, factory-set  preload o f  67 N (15 l b )  when clamped 
t o g e t h e r ,  b u t  i n  t h e  t r a c k e r  t h e y  are s e p a r a t e d  by a p a i r  o f  e q u a l  l e n g t h  
spacers. Spacer f ab r i ca t i on  was complicated by the  fact t h a t  a spacer  length  
mismatch o f  0.0011 mm (0.000045 i n )  could  r e s u l t  i n  a preload v a r i a t i o n  o f  89 
N (20 l b ) .  The s p a c e r s  were f a b r i c a t e d  t o  a l e n q t h  inismatch o f  0.0127 mm 
(0.0005 in). The bearing f r i c t i o n  torque corresponding t o  t h e  design preload 
was c a l c u l a t e d  from s t a r t i n g  f r i c t i o n  versus  hearing y r e i o d  da ta  suppl ied  by 
the  manufacturer. During assembly, t h e  load applf -d hy t h e  inner  and ou te r  
bearing r e t a in ing  r ings  was adjusted t o  compress t he  spscers  d i f f e r e n t t a l l y ,  
u n t i l  t he  desired s t a r t i n g  f r i c t i o n  was obtained. 
Azimuth a x i s  balance 
The azimuth r o t a t i n g  aasembly ,  which i n c l u d e s  t h e  c o m p l e t e  e l e v a t i o n  
assembly ,  was n o t  computer modeled and l a s t  minute  d e s i g n  changes  made t h e  
p r e l i m i n a r y  b a l a n c e  e s t i m a t i o n s  i n a c c u r a t e .  F i n a l  b a l a n c e  c o u l d  o n l y  be 
achieved by removing weight from t h e  e l e v a t i o n  housing and using a oounter- 
weight  mounted t o  t h e  i n n e r  f l e x  c a b l e  housing. Space i n  t h e  hous ing  was 
c r i t i c a L ,  s o  a computer program was employed t o  c a l c u l a t e  t he  counterweight 
shape and its locat ion.  
Removable n e u t r a l  dens i ty  f i l t e r s  
During t o s t i n g  o f  t he  t rack ing  un i t ,  conducted after t h e  f i n a l  alignment 
of the  output  beam t o  t he  azimuth gimbal a x i s ,  an increase  i n  misalignment of  
a lmost  one arc-minute was sometimes not iced i f  the  f i l te rs  were changed. The 
f i l t e r s  may have  been r e f r a c t i n g  t h e  s u n l i g h t ,  and t h i s  beam d e f l e c t i o n  
changed t h e  t e l e s c o p e  LOS, and t h e r e b y ,  t h e  o u t p u t  beam a l i g n m e n t  w i t h  t h e  
azimuth gimbal  a x i s .  The s u b s t i t u t i o n  of an i r i s  diaphragm, a nonrefract ive 
element, f o r  t h e  f i l t e r s  would p robab ly  have e l i m i n a t e d  t h i s  misal ignment  
problem. The t rack ing  un i t  te lescope design was not changed, however, because 
t h e  alignment s h i f t  d id  no t  a f f e c t  t he  operation. 
S o f t  s t o p s  t o  l i m i t  gimbal travel 
The g i m b a l  s o f t  s t o p s  t h a t  were  i n c o r p o r a t e d  i n t o  t h e  des ign d i d  no t  
pose a problem; however t h e s e  s t o p s  a r e  d i s c u s s e d  b e c a u s e  t h e y  e a s e d  t h e  
c o n t r o l  s y s t e m  development task.  Hard s t o p s  i n  t h e  form of an arm c o n t a c t i n g  
a pin were f i r s t  considered,  but s o f t  s t o p s  were chosen t o  l i m i t  t h e  s t r u c t u r a l  
and  b e a r i n g  l o a d s  d u r i n g  t h e  g i m b a l  d e c e l e r a t i o n .  The s t o p s  c o n s i s t  of an  
arm t h a t  c o n t a c t s  and compresses a s p r i n g  l o a d e d  p l u n g e r .  The a z i m u t h  s t o p  
has a f o u r  degree deadband t o  permit  a gimbal t r a v e l  of 9 8 2 ' .  
The s o f t  s t o p s  proved v a l u a b l e  dur ing  t h e  i n i t i a l  c o n t r o l  system checkout 
and t es t ing .  Software o r  hardware e r r o r s  which caused t h e  gimbal t o  be d r i v e n  
i n t o  t h e  s t o p s  caused no damage, and checkout and t e s t i n g  were n o t  r e s t r i c t e d  
by such concerns. 
Gimba 1 Servo Bandwidth 
The design o b j e c t i v e s  inc luded  a 100 Hz b a ~ d w i d t h  g o a l  f o r  t h e  e l e v a t i o n  
g i m b a l  c o n t r o l  s y s t e m ,  which would p l a c e  it well a b o v e  t h e  25 Hz bandwid th  
g o a l  o f  t h e  a z i m u t h  gimba 1. M e c h a n i c a l  d e s i g n  c o n s i d e r a t i o n s  f o r c e d  t h e  
m i r r o r  r o t a r y  i n e r t i a  t o  i n c r e a s e  s u b s  t a n t i a  1 l y  o v e r  t h e  o r i g i n a  1 d e s i g n  
p r o j e c t i o n s ,  p rec lud ing  t h e  p o s s i b i l i t y  o f  a c h i e v i n g  t h e  d e s i r e d  goa l .  The 
reduced e l e v a t i o n  bandwidth is approximately  50 Hz, which is s a t i s f a c t o r y  to  
achieve t h e  t r a c k i n g  r e q u i r e m e n t s .  T e s t i n g  h a s  n o t  shown a n y  s i g n i f i c a n t  
cross-coupling of motion between t h e  azimuth and e l e v a t i o n  gimbals. 
TESTING 
Because only one so la r  tracking unit  was t o  be f a b r i c a t e d ,  a l l  mechanical and 
e l e c t r i c a l  s u b s y s t e m s  and  modules were t e s t e d  at t h e  lowest  p o s s i b l e  l eve l .  
This t e s t i n g  plan served t h r e e  p u r p o s e s :  e s t a b l i s h e d  b a s e l i n e  o p e r a t i o n  o f  
e a c h  s u b s y s t e m ,  improved t h e  c o n t r o l  s y s t e m  mode l ing ,  and  provided e a r l y  
d e t e c t i o n  of anomalies. The major s u b a s s e m b l y  i n t e g r a t i o n  a n d  t e s t  p l a n  i s  
o u t l i n e d  i n  Figure 9. 
CONCLUSIONS 
A s o l a r  t r a c k i n g  u n i t  was developed which met o r  exceeded t h e  LHS research 
ins t rument  requirements. The u n i t  has  demonstra ted a t r a c k i n g  s t a b i l i t y  and  
r e p e a t a b i l i t y  b e t t e r  t h a n  21 arc -minu te .  T h i s  u n i t ,  designed f o r  use  wi th  
t h e  LHS ins t rument  i n  a n  a i r c r a f t  environment, could be a d a p t e d  f o r  u s e  w i t h  
o t h e r  s i m i l a r  ins t ruments  o r  a p p l i c a t i o n s .  
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